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Area

Annular area

Sound veloclity

Leading and trailing edge angles of blade
Chord length

Pressure coefficlents of compressible and incompressible
fluids

Specific heat at constant pressure

Blade diffusion parameters

Diameter

Leading and tralling edge diameters of blade
Angle

Turbline weight flow rate

Gravity acceleration

Enthalpy

Turbine thermal head’

Blade helght

Blade ineildence, also indlcates i-th circle
Work equivalent of heat; 426.9 kg-m/kcal
Specific blade loss; (1 - ngl)/opy

Arm length of dynamometer; 14Y4606 m
Mach number

sin2a2

Turbine revolution speed

Number of blades

Blade throat width

Pressure

Gas constant

Mean Reyneclds number inside turbine
Leading and trailllng edge radli of blade
Temperature recovery ccefficient

Blade radius 1n height direction
Entropy
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Blade pitch

Temperature

Peripheral velocity

Abhsoéilkute velocity

Relative velccity

Dynamometer leoad

Coordinates

Total pressure loss coefficient of blade
Length (mainly in axial direction)
Length (mainly in blade height direction)
Length

{Greek letters)
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Absolute outfilow angle

Relative outflow angle

Specific{weight

Ratio of tubbiine inlet total pressure to standard pressure
Compensatlion coefficients for flow rate

Efficiency

Adiabatic efficlency based on enthalpy when designing
the turbilne

Adiabatic efficiency based on dynamometer output and
turbine expansion ratio

Adiabatic temperature efficiency based on tbhtal tem-
perature ratio and total pressure ratio

Angle

Veloceity ratio

Specific heat ratio

A1r fuel ratio
Coefficient of viscosity
Angle of stagger

Turbine expanslion ratio
Density

Degree of reaction

‘Solidity; C/S

Turbine torque
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b, ¢cr Compensation coefficients. for turbine expansion ratio

N Veloclty coefflcient of stator blade
@N' Total pressure ratic before and after stator blade
¢ Entropy funection
w Angular velocity
(Subscripts)
a Axial direction
ad Adiabatic
air Alr
cr Value at M = 1.0
des Pesign
i Incompressible, or i-th
M Mean (mean diameter)
max Maximum
N Stator blade

Rotor blade
r Relative
rad Radlal direction
s Static
st Standard state

Turblne
t Total
th Theoretical
u Peripheral veloclity or peripheral direction
1 Befisre stator blade
2 After stator blade; before rotor blade
3 After rotor blade
w Infinite
o Mean



AERODYNAMIC INVESTIGATION OF AN AER-COOLED AXIAL-FLOW TURBINE.
PART I. TURBINE DESIGN AND OVERALL STAGE PERFORMANCE WITHOUT
SUPPLY OF COOLING AIR

Atsumasa Yamamoto, Kitao Takahara, Hiroyukl Nouse, Siegeo Inoue,
Hirosi Usui, and FuJio Mimura

1w - Tntroduction

In recent alircraft there has been a demand for the de- /3%
velopment of engines wilth a decreased fuel flow rate by in-
creasing the minimum cycle temperature, improving the thermal
efficiency, and using fan engines with an improved propulsive
efficiency. It is necessary to cool the turbine blades so
that they can withstand this high gas temperature at the turbine
inlet. 1In the aircraft turbines all over the world today, the
alr coming from the compressor is used to cool the blades, and
the turbine inlet temperature has been ralsed rapidly year by
year thanks to progress and improvements in the cooling methods.

In turbines using alr-cooled blades, that is, 1n air-coocled
furbines, higher turbine inlet temperatures and higher cycle
pressure ratios are dealt with thahnmis the case in non-ecoocled
turbines. For thils reason, the blades are required to have
various special properties. The most important ones are the
following. (1) Since 1t 1s necessary to introduce cooling
air inside the blades, the leading and trailing edges of the
blades will be thicker, and the blades as a whole will he
thick. (2) At the higher cycle temperatures, the optimum &l
thermodynamic expansion ratio will increase. Therefore, in
order to eliminate as for as possible the necessity for cooling
after the second stage, it is necessary to increase the work
per stage. The deflection angles in the stator and rotor blades
are increased in order for this to be digested by the thick

% Tumbers in the margin indicate pagination in the forelgn text.



cooling the turblne blades is extracted from the intermediate
or final stages of the compréssor. For this reazon, the 1n-
creased amount of cooling &air will increase the total loss

of the engine as a whole, and thérefore the necessary amount
of cooling air must be suppréSséd to the utmost minimum [1].
It 1s necessary to reduce the number of cooling blades for
thls purpose. (4) Together with thé increase 1in thetturbine
inlet pressure, the high—préssure turbine blades will becomem
smaller 1n size, and théré will be a relative increase in the
decldfie of the aerodynamic performance on account of the rotor
blade tip.clearance., (5) Not a very large twisting angle can
be obtained in the blades on account of problems connected
with fabrication of the cooling holes, ete. (6) On account
of escape and leakage of the ccoling air from the blades or
the inner and outer walls, there occurs aerodynamical in—-
terference between the cooling alr and the main flow gas, and
the aerodynamical performance of the turbine 1s affected.

' Thus, air-cooled blades, which are required to fulfill
conditions which arécquite different from those of the non-
cooled blades, must incorporate more compromises in the de-
sign than was tﬂe case in the conventional non-cocled blades
of the past, and there are also many diffilcult podnts in the
production. There have been a number of studies overseas
concerning turbines with such alr-cooled blades [2-4], and
their performance properties have been investigated. Never-
theless, the various design problems caused by the foregoing
circumstances and the characteristics of the bladdes have not
been clarified to any great degree, and the designing methods
themselwves have not been established.

In view of these clrcumstances, our Prime Mover Depart-
ment 1s making studies of high-~temperature alr-cooled turbines
as part of its aeronautlcal englne research. In thils report
we discuss the desligning methods and the resﬁlts of experiments

concerning the aerodynamic performance properties of the early



which are necessary in air-cooled turbines and describe a
method of designing under theSé policiés in which the ggﬁven—
tional designing methods of the past will be applied aé far

as possible, iNext We'déscribe the résﬁlts of experimental s
studies to determine whether air-cooled turbines désigned in
this way display the antlclpated aerodynamical overall per-
formance properties or not. Furthermore, some of the problems
at issue in this designing method are pointed out on the basis
of the results of measureménts of the intérnal flow.

These experiments were conducted using unheated compressed
alr with a turbine inlet temperature of about 100°C. The
experiments were performed without supplying air for cooling
the blades.
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e i . At the early stage of
research into high-tem-

] perature turbines in the
\ Prime Mover Department

of thi#s Laboratory, the
planning cadled for a
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turbine inlet gas tem-~
perature of 1,150°C., This
turbine had a single
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stage, and the internal
alr-cooling system was
adopted in both the
stator and the rotor

; . i blades.
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: As for the sequence

Fig. 1. lIrispectlon sections for of the aerodynamical de-
design calcullations and veloclty
tr%%ngle symbgls.

Key: 1. Stator blade _ "
22. Rotor u%adg tions one-dimensionally
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signing, we first carried
out performance calcula¥

o

alr-cooled turblnes. We first set up the fundamental policles . -/



for several types of velocity triangles at the mean blade dia- /4¥
meter; then the optimum on was selected from them. Next, we
performed two-dimensional calculations undér’the'assumption

that the performance will be realized by the mean blade diameter
(MEAN) and determined the velocity triangle at the blade tip
(TIP), the mean blade diameter (MEAN), and blade (ROOT).
Finally, the profile and the blade arrangément were determined
on the basis of this velocity trianglé; In Flg. 1 are shown

the inspection section radius and velocity triangle symbols

for design calculations. In the designing at this time the

flow of cooling &ir was not taken into consideration in cal-
cu%%tion of the gas flow inside the turbine. In the feédlowing,
gntoutline 1s given of this deslgning.

2.1. Caleculation of Tunbine Performance

Turbine performance calculatlions were performed for varlous
turbine revolution speeds, stator blade outflow angles, and
stator blade outflow Mach numbers, and those wilth great turbilne

work and adiabatic efficiency were selected.

TABLE 1. CHIEF DESIGN SPECIFICATIONS

'oomy B E 2% |® fywlamgy u
|57 2% & G 3.95 | Lkefsec

é 6 i 0% T Pa 25000 kg/m?
T A B 1423,15 | °K

5 8 & 0.85

| QWi s E | 2 Ha 63.25 | keal/kg
IO m B N 13300 rpm
311 JF =5 % U 366.7 m/sec
2w & | 2.02

13 @& FE| Vin 727.5 m/sec
Ilq Moo oM Us/Vin 0. 504

15 % & E| e 0. 464
. -4

(Key for table 1 on next page)



Key for Table 1.

Item

Symbol

Desgign value

Unit

Gas flow rate

Inlet tdtal pressure
Inlet total temperature
Adiabatic efficiency
Adiabatic thermal head
Revolution speed
Peripheral velocity
Expansion ratio
Thecretical vlocity
Veleoeity ratio

Degree of reaction

O Q=3 N L g
P

H = et
UT 200 - O

The deslgn hypotheses are as follows.

€¢1) It is assumed that thesstateo6ftbheadir current in ~ &
the 1nspectlon sections 1s uniform in each section, and the
state of the air current is calculated one-dimensionally as
andadiabatic flow of a perfect gas at the mean blade diameter.

(2) The stator biade velocity coefficient is assumed to
be ¢y = 0.97.

-7 (3) The rotor biade total pressure loss coefficiénttis

aasumed to be YtR= 0.23.

(4) The specific heat ratio is assumed to be constant 1 /5
inside the furbine. The specific heat ratio corresponding
to the mean temperature offthe turbine inlet and cutlet tem-
preatures is taken and calculated as k= 1.315.

(5) The effects of the cooling air on the main current
flow are ignored, and the amount of loss Is taken into con-
sideration later on when calculating the turbine adiabatic
efficiency.

In Table 1 are shown the results of calculations obtained
under the abowe hypotheses {(for détails refér to Appéndix A.1.).
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Eg%angles

Design velocity

holes wlll be easy.
air-cooled blades.

2L2."Calculation of the

- Veloelty Triangles

On the basis of the
sévghal hypotheses given be- -
low, more detalled calcula-
tions were performed at the
TIP, the MEAN, and the ROOT,
based con the cycle values
at MEAN determined 1in section
2.1, and the veéloclty triangtes
at each position were de-
termined. In making these
calculations, it was assumed
that the stator blade out-
flow angle was constant in
the radial direction. This
1z 30 because when such
blades are adopted the stator
blades will have almost a
constant section in the blade
height d#rection, and fabrica-

tion of the 1Internal cooling

Consequently, such blades are suitable for

The design hypotheses are as follows: .-

Hypotheses concerning the streamlines:

(1) The flow inside the turbine is constant.

It is also /6.

an adlabatic flow and is treated as a perfect gas.
(2) The streamlines are parallel to the rotor blade axis,
and the veloclty components in the radial dlrection are ignored

in each inspection section.

\Hypotheses'concerning thé atator blades:

(3) The total temperature and total pressure at the stator
blade inlet are constaht in the radial direction.



TABLE 2{(a).
AN

RESULTS OF CALCULATIONS OF STATOR BLADE PROFILE
AND BLADE ARRANGEMENTS (TIP; r=277.3 mm)

BLADE PROFILE NOZZLE (T1I)

c : By Fir
33600 —45.000 8.000 —71.000
BLADE COORDINATES
ORIGINAL CAMBER LINE BLADE SURFACE
(NE T CAM (X, ) S5(% 1) P.S{X. Y)
i X % Ry Y RN Y RN ¥
| 1 1436 2218 2213 0.15¢ 2152 2371 2273 — 2,063
9 2463 280 3.678 0.14¢  3.75 3.002  3.501  — 2.713
3 3.655 3010 3172 0,008 5623 3182 4527 — 3.175
4 L8 3.33%6  6.670 0.979  7.438 2,876 5801  — 3.531
5 5,314 3,619  8.160 — 0.769  9.469 2,605  6.851 — 4.143
5 7902 3,677  9.694  — 1.481 11450 1750 T.937 — 471
7 9.8%5  2.488 11355 — 2540  13.470 0.270  9.790  — 5.350
8 11,872 2.939 12,033 — 3.857  15.150 — 1.495 10716  — 6.219
9 14056 5.020 14444 — 5.431 16725 — 3.455 12,162 — 7. 414
10 16,483 2597  15.957 — 7.354 18064 — 5.835  13.850  — 8.873
1 18,852 2976 17814 — 9.38) 10249  — 8.191 15379 —10. 548
12 21,510 1999  18.673  —I1L.746  20.433 —10.79%  16.913  —12 694
13 96241 L6983 19.970 —14.312 21499  —13.585  13.442  —15.039
14 07115 L343 21998 —I7.115 22,464 —16.590  19.9927  —17.640
12 | 30,189 0, 943 s, 480 —2{. 225 23. 360 —165. 890 21, 504 - 20, 566
16 53.147  0.595  23.504 —23.983 24000 —23.110  23.098  —23. 456
CAMEER LINE ay=—0.00142 gy= —0.01288 a;=0. 10510
] S ‘e THROAT POSITION E%gg?g ARCCOS
P.S(X, V) 55N 0 75
a oL 510 0.730  23.088 —23.456  15.459  —27.543 7,798 71,471
72 21160 0.720 23085 —22.455 16,585  —ur.4ld 7615 71,659
73 23,863 0,710 23093 —23.436 16,715 —U7.03 7,148 71.818
74 73,545 0,701 23098 —02.436 16,835  —27.074 7,984 71, 980
\ 75 93,951 0.60L 23,008 193,456 16,965 —O°7.081  7.111 72,175

(4) The total pressure loss
tant in the radial direction.

of the stator blades is cons-

(5) The absoluté outflow angle of the stator blade 1is

constant in the radial direction.

(6) At the stator blade outlet, the flow satisfies the
conditional equation for simple radial bazance.

Hypotheses concerning the rotor blades:



TABLE 2 (b). RESULTS OF CALCULATIONS OF STATOR BLADE PROFILE
AND BLADE ARRANGEMENT (MEAN; r=261.3 mm)

7 2 (0) BROHEUSICREHDHTER (MEAN: r=261 3 mm)

}

»

BLADE PROFILE NOZZLE (MEAN)

C : B Br
SL700  —45.000 800D —71.000
BLADE COORDINATES
ORIGINAL CAMBER LINE BLADE SURFACE
(X7, 1) CAM (Y, X) S.S(X, 1) P.S(X, 1)
i X Y X Y X ¥ X X
1 1.3%6  2.082 2082 0,206 197 2,995 2,188 — 1.8
2 2279 20698 3445 0.222 3,524 2919 3366 - 2474
3 3,405 3.0 4.919 0.104  5.324 3104 4,513 — 2.897
4 4561 3166 6.200  — 0.159  7.062 2011 558 — 2290
5 5917 3,413 7743 — 0.635 5992 2,550 6.494 . — 3802
6 7.417  3.468  9.185 — L305  10.863 L7380 7506 — 4340
7 9.235 3.2  10.744  — 2316 12713 0.319 8,775 — 4.951
8 11169  3.035 12225 - 3.571 14331 - 1358 10,118  — 5 7%
9 13.233 2849 13,643  — 5071 15805  — 3.217  1L.470  — 6.995
10 1552 2450 15,068 - 6,894 17.053  — 5450  13.0700  — 8417
11 17793 2147 1630 - 8821 18169 — T.609 14511 — 9,043
12 20,276 186 17610 11056 19281  —I0.165 15957  —11.945
13 22857 L3 18240  —13.485 20983 —12.301 17397 14168
14 25570 L85 W03 16135 OLI9Y  —15.612  18.880 16699
16 28487 0,895 21208 -19.070 22043 —I8.TG0 20,372 19,307
15 31,272 0. 493 g2, 0048 — 219066 22,707 —21. 802 21.792 —02 1
CAMBER LINE ay=—0,00152 ayee —0. 01681 a0, 11053
2 SITION TH . e
. . o THRQAI‘PQ:ﬁfox THROAT ~ pecog
P.S(N, 1) S5 (X. 1) 7] 0r8
@ - 23124 0.7 21782 22 1% 18.551  —25.022  7.908 71589
, 72 22,803 0.719 21792 22120 15680  —25.795 7197 71783
! 73 22400 0,709 2L -2129 15,793 —25.0855 6.00 %1937
| T 22185 0700 YLTZ 2128 15904 -35.577 G823 72088
| T SLIL 069 PLT? I .02 25T boer 7220

(7) The distribution of the rotor blade work (thermal

head) is constant in the radial direction.

{8) The rotor blade adiabatic efficiency is constant in
the radlal direction. -

(9} At the rotor blade outlet, the flow satisfies the
condltional equation for simple radidl balance. _

In Fig. 2 are shown the results of calculations obtained
under the above hypothesés (for details refer to Appendix A.2%.

2.3

Cooled Blades




TABLE 2 (c¢). RESULTS OF CALCULATIONS OF STATOR BLADE PROFLLE
AND BLADE ARRANGEMENTS (ROOT; r=245.3 mm)

BLADE PROFILE NOZZLE (ROOT)

C : By Br
29.800  —45.000 3.000  —7L.000
] BLADE COORDINATES
; ORIGINAL CAMBER LINE BLADE SURFACE
(X, 1) CAM (X, Y) SS(X Y PS(X, 5
i X Y X ¥ X Y X Y
1 1247 L9467 1,957 0.194  1.858 2188 2057 — L7
2 2,142 2536 3.239 0,209  3.314 2744 3164 — 232
3 2,200 2.847  4.624 0.097  5.005 2,919 4243 — 2,724
4 4287  2.976 5913 — 0.150  6.439 2,737 5188  — 3.087
5 5563  3.200 7.279 - 0.388  8.453 2399 6.104 . — 3.375
6 5,973 3.261  8.630  — 1.227  10.212 L627  7.036  — 4.081
7 8682 3.093 10,100  — 2177 11952 0,300  8.249  — 4.635
- 8 10.500 2,873 11.492  — 3.357 13.473  — 1277 9.511  — 5438
! 9 12,440 2,679 12,825  — 4,768 14859  — 3.024  10.791  — 6.511
j 10 14,596 2,304 14,161 — 6.48% 16086 — 5142 1228 - T.819
11 18.727 2,01 15361 — 8285 17.081 — 7.238 13.641  — 9.337
12 19,061 L7738  16.503  —10.393 18126  — 9.536 15000  —11,230
13 21483  1.5301 17.711  —12.677 19.088  —12.034  15.333  —13.31%
14 24,038 1191 18,826 16169  19.922  —11.704  17.730  —15.633
15 26.780  0.841 19,937  —17.936  20.723  —17.636  19.151  —18.235
15 29.398  0.466 20,925  —20.649  21.365  —20.496  20.486  —20.803
CAMBER LINE a;=—0.00172 a=—0.01789 a:=0. 14034
THROAT POSITION THROAT
i " S §C e ] —— LENGTH ARCCOS
P.S(X, Y) S.S(XN 1) O :
& 21,708 0.728 20,485  —20.803  14.628  —21338 6852 71. 66O
! 72 21.406 0,718  20.485  —20.803 14.738 23247 K70t 71,739
f 73 21,113 0.703  20.486  —20.803  14.851  —21.130  6.548 TL Y32
74 20,828 0,699 20,486 —20.803  ILOT4  —24.025 6,383 72,147
75 20,550 0,600 20,486  —20.803 15,070  —23.93%  G.256 PR
Since the biades are alr-cooled blades, in determining LT}

the profiles for both the stator blades and the rotor blades,
the following ltems were taken as the fundamental policies
(for details refer to Appendix A.3).
(1) The aforementioned velocity triangle shall be satisfiled..
{2) The number of blades shzll be decreased as far as d
possible so that it willl be possiblé to do with the minimum

necessary amount of cooling air.



(3) 8ince cooling air is passed through the interior of ’
the blades, the leading and trailing edges of the blades will
be made thicker thahnin ordinary non-cooled b3addes in view of
the fabrication of the cooling holes.

(4) The leading and trailing edges of the blades at each
section shall be passéd through in a straight line with respect
to the blade span direction on account of thé fabrication of
the cooling holes.

{5) The cooled blades shall have a construction in which
there will be a low external heat transfer ratio and a high
internal heat transfer ratio.

In Table 2 (a) - (c¢) are shown the results of ealculations
of the stator blade prbfiles and blade arrangements ebtained
under the above fundamental policies. These results for the
profiles and blade arrangements were plotted wlbth an X-Y
plotter, and an example of this (MEAN) i1s shown in Fig. 3.

The chief dimensicns of the blades are organized in Table 3.
Here, since during manufacturing of the blades the leading

edge diameter of the blades (dT) and the trailing edge thickness
(dL)Zwere finally assumed to be constantiin the blade span
direction and were given values of 4 mm and 2 mm, respectively,
they differ slightly from the computer results shown in Table

5.

The coordinatés of the rotor blade profiles and blade
arrangements are shown in Table 4, and thé chief dimensions
of the blades are shown in Table 5.

The arrangements of the stator and rotor blades at the
mean blade diameters are shown in Fig. 4,

L0



3. Experiments

An oﬁtline of the experil-

{
N
bed

mental equlpment is shown in Fig.
5.

The measuring equipment
is as follows.

The turbine air flew rate
was measured by means of the
JIS standard disk type orifice.

The turbine axial torque
was measured by means of an
automatic Ward-Leonard type
1,600 kW D.C. electric dynamo-
meter. The turbine revolution

speed was measured by means of

the magnetic pulses from the

\ , reductlion gear (reduction ratio
o g 2(h) MEAN (r=2613mm) OFI5T 21 \,%J 1:12.984) mounted on the
o - . dynamometer axis.

Fig. 3. Stator blade arrange-

ments by X-Y plotter (MEAN) The gaseous states were
Key: measured before and after the
1. n {(number of blades) _

2. Note: Refer to Table 2 turbine. The gas temperature

(b), calculations of MEAN g5 measured by means of a CA

(r = 261.3 mm) thermocouple thermometer [5, 61,
and the total pressure, static préssure, Mach number, and
angles were measured by'means of three-hole yaw meters[7]. The
sénsors for measuring these gaseous states were fastened be-
fore the turbine at defindte positions, and after the turbine
they were arranged so that they would be able to traverse in
the radial diredticn.

Thé types of these measuring instruménts and the measuring

11



positdons are shown in Table 6 and Fig. 6. FPhotographs of the
main parts of the measuring instruments efid of the driving part
of the motor-driven traversing device are shown in Fig. 7.

TABLE 3. CHIEF DIMENSIONS OF STATOR BLADES

- TP MEAN ] ROOT —
A =277.3 mm) (r=2%1L3mm} - /r=245 3mm) -
dré ) 4.00 l 100 1,00 =
dp (NOY O mm) (2.21. 0,13) (2.08. 0.21) (1,95, 0.19)
dro L) - L.00 i 1,00 . 1.00 =
X, Y ) (23.59.-23,28) | (22.96.-21.97)  .O0.924,-20.65)
o x® Jnm) 7.36 { 6,01 .32
JF AN I S (9.69.-1.43) ] (9.19, -1.31) (8.653,-1. 23
C ) 33.40 i 3170 29,80
5 LT ) 24, 540 1 23.124 21,708
O .mm) 7.793 ! 7.503 - 5. 852
By KLU 6. 00 : 3. 00 8.00
By eg) 71,00 f 71,00 . 7100
£ deg.) 45,60 i 45,00 45,00

DITIEL U, 54 2mm Foshain, (F 1SR
PR 2@ i=l EFD

” i=16 « }

Key

1. ne71l baides

2., Nete 1

3. Noge 2

k. Note 3

. Note 1 r is 2 mm less than when the velocity ftriangles
were calculated

6. Note 2. Value during manufacturing (for the values during
calculation refer to i=1 in Table 2)

7. Note 3. Value during manufacturlng (for values during

calculation refer to i=16 in Table 2).

‘The measuping and processirg system used.in the experiren /11 A
merits 1s showd in Fig. 8 [8]. These experiments were planned
so that it would be possible to usé computérs to make the
measurements and record the résults automatically within a
short time.

12



TABLE 4,

ARRANGEMENTS

COORDINATES OF ROTOR BLADE PROFILE AND BLADE

L

Key: | _
i: Center

|
> V -
! {fds XY
_?L\\:< LE;_ .
o ;
, _ |
i, 4 s {
i
t
1o (X,7)
|
/
! TIP ’ MEAN ROOT
{r=279.3 mm) {(r=2(3. 3 mm) (r=247. 3 mm)
A S R ¥ Vs ¥, e
{mm) J {mm) | {mm) | {mm} ' {mm) {mm} (mm)
000 1 000 ; -1.20 § 000 : —0.5 [ 0.00 -1
Loo | 0233 i -248 | 0 —se | 0o -3
2.00 | —0.20 | —3.60 J—u@ o425 | —0.85 —5.00
3.00 | —0.87 | —445 | -113 | —525 | —168 -6.13
4ﬁof ~1.00 —507[ —160 | —6.00 | —230 . —6.08
5.00 | —117 | 545 | —1.95 —6.45 | —27  —7.60
6.00 | —1.93 uamJ —212 | e | 305 —7.95
700 | —L14 | —55% { —212 | —6.80 { —3.22  —_g 13
8. 00 I-—uss | 500 | ~1L08  —6.70 | —3.20 ' —8.13
9.00 | —0.35 | —4.80 | ~1.68 —6.40 | —3.03 ' —7.95
10. 00 0.29 | —414 [ —1.20 —5.03 | —2.72  --7.33
IL00 | LOS | —3.36 | —0.65 , —520 22 —Te
1200 | 200 | —215 013 —445 | 160  —&.15
1300 | 310 | —1.00 .05 =320 | —0.753 —5.13
14. 00 f 417 | 0.5 213 —1.80 022 —3.40
15.00 | 5.1 2,30 325 . —0.10 | 195 _ap
15,00 | 630 4.15 4,45 L7 0 240 0.3
e L L 270 — 1.30 ‘
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TABEE 5, CHIEF DIMENSIONS OF ROTOR BLADES

p=136 g TIP ! MEAN ROOT
Y1, (r=2193mm) | (r=283.3mm)  (r=397,3 mm,
det o (mm s 2.60 i 2.00 - 2,00
‘ dLONCp (mm) 0 (0.75-0.65) | (0.65.-0,75) (0. 57.-0. 85)
dre (mm} | L0 100 * 100
dr (X Yy (mmy . (1850, 6.33) (14,92, 5. 75) (17.35. 3.73,
lirax® (mm} 1.35 4.653 4.92
duaz (X, ¥) (mm) | (G.45,-3. 45) (7.3.~4.45) | (7.6,-5.70)
C (mm} 18.05 18.00 ‘ 18.00
8 (mm) 12. 904 12. 164 : 11475
( o (mm) | 5.75 515 4,76
| B (deg.) | 41.0 49,8 ‘ 53. 8
| Br (deg) | -~ 645 63.5 ‘ 62,5
f 3 (deg.) | 22,5 17.2 : 117
Jum——— — |

Key:
1. n=136 biades

3.2. Experimental Methods

In these experimenﬁs, the turbine expansion ratio and
revolution speeds were adjusted toconform with the target
values. The expansion ratio of the experimental target was
1.% - 2.1 with intervals ef about 0.2, and the revolution sp
speeds were 78 - 110% of the design waluée with intervals of
about 10%. The measurements were performed by means of twe
thermometers and two pressure metérs at the turbine outlet;

traverasing measurements were performed in the radial direction.

Before these experiments it was ascertained that the tempera-
tures and pressures at the turbine inlet are uniform in the
radial directicn and in the circumferential direction.

In cases when relatively 1ow—temperaturé air is used, as
in these expériments, drops of water are fréquéntly attached
to thé'sénsors inserted inside the turbinés. In order to

14
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j o 1 2

]
' | % B ]
r =261 3mm |r=263.3mm

3 |WHBEdEE (4. /0) | 012 0413

L lpgsawi,/c; | oo 0.056
A S felden/ O, 0.22 0.2

5

6 WU Fe s (C/8)] 137 148
[7x~7 r&/Cy 103 | 186

MEANI &7 2 BERAMF o

*——iﬁ Frm————s]

|

12.164mm-

.-S:

J
i
1

L——S 23 124mm - -

4., Stator blades and blade arrangements (MEAN)

Fig

Key:

1. Stator biddes

2. Rotor blades

3. Leading edge dlameter ratio

Y, Trailing edge thieckness ratio

5. Maximum hdade thickness ratio

6. Solidigy

7. Aspect ratio

8. Blade dimensionless values at MEAN

prevent this, it was necessary to adjust the turbine expansion /115

ratio and the revolution speed while paying careful attention

to make sure that the turblne outlet temperature would not drop
below the dew point temperature of that day even onee while

the experimental points were being set. In this way, traversing
measurements were commenced in a state at which the turbine
inlet temperature would be more or lesgs stable at about 90-
110°C. In cases when traversing measurements were performed

at five points, the time required for one experimental point

was approximately ten minutes,

3.3, 'Methods*of'hnalyZing'thé'Experiménts

15



] The turbine flow
rate @ (kg/sec) was
calculatéd by méans
of the crifice flow
rate formula (refer
to item 9 in biblilo-

graphy). 7
The turbine torqgue

1.100mm ~ — e emm—mam

T (kg-m) was sought

by means of the follow-

ing formula from the

|

dynamometer load WT

(kg) and the arm

« length of the dynamo-

Filg. 5. Main unit of testing device meter 1 (m).
for aerodynamic performance.
Key:! T = LWy
1. Endetlbeldmsuth
2. Bbtatoribtade
E. Rotor biade The turbine
. Disk ‘ S0
5. Strut specific output AHT
6. Shroud (kcal/kg) was calculated

by the following formula from the flow rate & (kg/sec), thé -
torque t (kg m), and the turbine revolution speed N (rpm).

ST S T 7
S : J"HT_—EW G

The turbine expansion ratio Ty Was sought bﬁ,tﬁé following
formula as the ratioc [illegiblel. '

) ,"Tf_P:s

Here, P is the mean total pressure before the stator

blade; we asgé the [illegible] of the total pressure measured
at the center of the fTlow channel [illegible] two Bitot tubes
before the stator blade (3Ptl - 1 and [illegible]. ,Pt3 is
the mean total pressure after the rotor blade; [illegible]
the radial diréction by means of [illeglble] two of the Pitot

16



tubes after the [illegiblé}' The’mathématical’mean [illegible]
of a total of ten points measured [illegible].

The [illegible] adlabatic efficiency np was calculatedd
as one of the adiabatic efficiencies of the turbine,.

1 AHT
= T TE
f_p'Tﬂ{l— (‘;) *

The following correction values taking fintb considerations
the differences [illegible] deslgn and during experiment [el
[#1legible] in order to compare [illegible] the above experi-
mental values and the design values . . . . turbine inlet
gas state and turbine [illegible] on the basis of the eritical
velocity calculated from [illegible] is a method of determin-
ing approximately the condifion [1llegible] (Refer to [illegihie].

Flow rate G  Gorrected flow rate ol
CEurt 1 ¢r

Revolution speed N Corrected revolution speed Ny O

Specific output AH;, Correctéd specific output wdttrPer

:Et:r'?'m

% Torgue 1 Eorrected torque e

Expansion ratio T Corrected expansion ratio

s and ‘Ware correction coefficlents and

Here, \jw

are expressed by the following formulas.

3
L ¥
"k 1 ‘-
] Eap= J.',\,( i
G

17



TABEEEG.

o
D
o

O oa-30hWW =wro

L

TYPES OF MEASURING DEVICES (REFER TO FIG. 6)
/L_ 2 T
- - L .
e o s ) i } -l
" e B 5 B r";r‘_ J,:.;L oo g ; s - :
3Py- A 3 TR OF M Sl ~FonN3ilifins®
SPH—O A -5 6// , " 8
Prr-1 B 1 — A B i E 5w 7
B2 B 8 — : o g
T-1 B 2R M2 E kel CA RENEIGH],
T2 B 4 o 4 (RF=1.0)
3Py C 9 " ;5?Ufb~%®ﬁﬂl%ﬁu\ﬁm,
2L C 11 o : 12 1
Pyl D 7 — A OB OB OE 5
P2 D 12 _ | r 15
Tyl D 8 MR OF B EMEHE CA BUL r*:gj
Ty-2 D 10 . 6 (RF =0, 7~0, 82) 1
EUES E 13 = *HEﬂ@<L*"%L—¥F
3Pu-R F 14 oy =3 1l v B 1L
54:@5@m 7
Appellations

Measuring positions in axial direction¥

Measuring posibtdons in clrcumferential direction®

Traversing direction

Type-form, etc.

Radial direction

Radial direction

Radial, circumferential directions _
Three holes in a five-hole Pitot tube are ammed [7]
Outer wall static pressure taps

Damming type CA thermocouple thermometer [5]

Inner Holes of a five-hole Pitot tube are used [7]
Outer wall static pressure taps

Tip exposed type CA thermocouple thermometer .

Circumferential direction comb type seven-hole Pitot

tube, Three-hole Pitoft tube
¥ Refer to Fig. 6.




=)

Lt 2
7L I | [msis 5 ofig (mm)
J—i g lf & x| 7.5
! ' ‘ B.a! 230
b ) C n 165
: URE? 21.0
_i E X3 10.0
210~ (] ? e o
oot e R Ry
tal l}'iﬁ A ORI U 3 ri (=18 i: S C’)'i?f' 6

HU A

Al ¢ ETT
: o 4 (b) PHA LM (N f2eg)

Fig. 6. Measuring positions of various measuring instruments
(refer to Table 6)

Key:

1. 3tator blade

2. Rotor blade

3. {a) Positions in axial direction

4, (b) Positions in circumferential direction (view at %
arrow)

5. Distance from blade end (mm)

6. x. and x, are measuring positions when measuring instrument

1 3
is. faced in the axial direction
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| S— |
0 lem lem

0
(a) 57 Y L—F(3Py-1. (d) # % 1k B RUCAPLE L
3P 2,8P,;-1.3P, -2 ~‘"r§lt 'J‘f'—l.“n?J

e
-

| | TR |

Q lem 0 lem
(b) MEHm LYWL F—5 le) A MCARRE i
(TB; —R) WA (G-1T-2)

—_— :

0 lem
¢ 3L F—K(3P:~R oAt b 7o 2 OB

Fig. 7. Photographs of main parts of measuring instruments
and of driving parts of motor-driven type traversing device

(Key on following page)
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Key for Fig. 7.

fa) Five-hole Pitot tube

(b) Circumferential direction comb type seven-hole Pitot tube
(c) Three-hole Pitot tube ,

(d) Damming type CA thermocouple thermometer.

(e) Tip exposed type CA thermocouple thermometer

(1) Driving parts of motor-driven type traversing device

The suffix st indicates the standard state.#The following
values were adopted here as the standard values:

= o
Tt;st 288.2°K

_ 2
Pt’st—110332 kg/m

Rst= 29.27 kg'm/°K-kg

Kst= 1.401

Toeuse these corrected values signifiles that the design
values and the experimental values will always be correctéd
to .~ the values at the standard state and compared. In
Table 7 are shown the various disign valﬁes and thélir corrected
values. In finding these corrected valuesk it was assumed |
that the mean specific heat ratio inside the turbine was
1.31 (refer to the value of No. 51 in Appendix Table 2) and
that the gas constant was 29.27 kg.-m/°K-ke.

3.4, Ezxperimental Results

(a) Flow Bate Characteristics (Fig. 9)

According to Fig. 9, the corrected flow rate is 3.98
kg/sec at the design corrected revolution speed and the design
corrected expansion ratio (2.09). The differences in these
flow rate curves caused by the revolution speed indlcate that
the flow rate is govefnéd by the rotor blade. Furthermore,
this turbine 1is choked by thé rotor blade, and the expansion
ratio at whilch 1t is believéd that theré 1s choking at all
the révolution spéeds in Ehé expébfment'is aboﬁt 2.3.

21
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(b) Torque Characteristics (Fig. 10)

Concerning the flow raté, it is believed that choking
will be caused by a corrédtéd éxpansion ratio of about 2.3, .
as was mentioned above. As for the torque, however, a 'éliki
tendency towards incréasé still continues to be displayed even
after this expansion ratio is exceedéd. it always increases
together with the expansion ratio at all the revolution speeds
in the experiment. Thus, in this turbiné, there is seen no
torque 1limit {(limiting loading) within the range of the ex-
periments. Furthermore, the corrected torque in the experi-
ments is 30.2 kgm at the design corrected revolution speed
and the design corrected expansion ratio. This 1s a value
approximately 8.2% greater than the design value,.
(¢) Map of Overall Performance (Fig. 11)

In Fig. 11 1s shown a map of the overall performance
compiled from the flow rate characteristics in Fig. 9 and
from the torgue characteristics in Fig. 10. Here the corrected
specific output.?%f%il is plotted on the ordinate, and the
corrected flow fgfe revolution speed parameter (corrected
flow rate x corrected revolution speed)@i?ﬁﬁﬂi& plotted on
“bhe abscissa. The results are plotted in terms of equal
corrected revolution speed lines, equal corrected expansion
ratio lines, and equal adiabatic efficiency lines. According
to this, the adiabatic efficlency n_ 1s 8.7 - 0.865 within
the range of the experiments. The maximum agdiabatiec efficiency
is obtained in the vicinity of a rcorrected revolution speed '
of 90% and of a corrected expansion ratio of 1.72. Its
value is 0.865. ‘

The D point, that 1s, the point of the design corrected
revolution speed and the design corrected expansion ratio,
was shown by the O mark. The corrected specific output obtained
at thils time is 11.22 kcal/kg, and the adiabafic efficiency
is 0.856.
(4) Absolute Qutflow Angle of Rotor Blade (Fig. 12)
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this 1s the result of the fact
the rotor blade has decreased.

|
f.
i

Fig.

=
)
)

[

H OW Cco—] h\J =La o

a =+ e -

¥ATIAY

10
] '11J

8. Measuring-processing
system
Controcl panel of traverg-

ing device
Dynamometer panel
Turbine part
Edéctric dynamometer
Pressure converter
Scanner

A=D converter
Interface

Computer

Frequency counter
Typewrlter

Gutlets.

According to. the results  /167}
of méasurements of the absoclute
outflow angles from the rotor
blade by’méans of the four FPitot
tubes Installed in the circum-
feréntial diréction at the pobor
blade outlét, there are almost
no differences 1n the measuring
of the four Pitot tubes

center of the channel,

angles
at the
and it is thought that one may
the absolute outflew

in the circumferential

regard
angles
direction as being more or less
For
it was decided to
select the outflow angle at the

uniform at this position.
this reason,

center of the channel as the

value representing the absolute
outflow angles at the rotor blade
It is clear from this
figure that the rotor blade ab-
solute ocutflow angle is 21.5°

at the desilgn corrected revolu-
tion speed and the deslgn correct-
This is 1.8°
smaller than the design value

at the mean blade

ed expansion matio.

diameter.
As Will be méntioned below,
thattthe deflection angle of

(e) Rotor Blade Absolute Outflow Mach Number (Fig. 13)
According to the experiments, the absolute outflow Mach

numbér at the rotor blade outlet had a distribution in the
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TABLE 7.

Key:
1.
2.
3.
b,
5.
6.
7.
8.
9.

3.7

(i
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5. AT Py (kg/m®
g de Ry ity (keal k)
R it (g

8 ll i ke N (rpm)

DESIGN VALUES AND THEIR CORRECTED VALUES («k

des= 1.31)

A R

1423, I8, 18
) ;5(]1-)0 ln.‘i:j;,' _

Cosns L2
Caes o BTl
v o | osn
S0z |

Q ¥ i H

Design items

Design values

Corrected wvalues

Inlet tetal temperature
Inlet total pressure
Specifie output

Flow rate

Revolution speed
Expangion ratio

bR T 5
S G I e A
AR NS, s 2
693 %
788

880
98.2
10840

T OUUE 18 70 7T

LU A2y

9, Flow rate
charagteristics

radial direction, but at the
eenter of the channel it could
be regarded as beling more or
less uniform in the c¢ircum-
ferential direction, just like
the rotor blade absolute out-
flow angite. Here are shown
the rotor blade absolute out-
flow Mach numbers at the center
of the channel. It 1s clear
from this filgure that the
rotor blade absoclute outflow
Mach number at the design
correctéd revolution speed

and the deslign corrected ex-

1IELrs
(key to Flg. 9 on next page)



Rey to Fig. 9.

1. Corrected flow rate

2. Ratio of experimental corrected revolution speed to design
corrected revolutlon speed

3. Corrected expansion ratlo

pansion ratio is 0.375. This value agrees well with the design
value.
(f) Velocity Tridngle (Fig.124)

=

T

W
.

AN
\

DT |
,;/i‘f‘ W 2 b w S Lk
. .

= L

i
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u 25 { = (N8 (N des ’
(NS v ey B33 % =
; /;'Z/ / o 788 ‘ i
| % i ‘ ) S 890 : 450
[ ey b = 982
A s,
N 1.7 Lé 18 20 22
D MK 4,a h
R e ‘ : . 30
Pig. 10. Torque characteristics
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] 13 E
! T o1
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= = |
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= _,30'._ e L 633 % i
- I i
= : [
= —40‘L-~ ]
= | i
z ~ 501 '
1.2
Fig. 12. Rotor bidade absolute
outflow angle (MEAN)
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Key to Fig. 10.

1. Corrected torgue
2. Corrected expansion

Key to Fig. 11.

1. Corrected specific oﬁtpﬁt
2. Point D

(design corrected revolution speed)
(de81gn corrected expansion ratio)

3. Corrected flow rate revolution speed parameter

Kéy to Fig. 12

1. Rotor blade absolute outfiow
2

Corrected expansion ratio

\fﬁ \(\/f—;/k\/r’ﬂ des
" = | * 693 %
1T s T
i & 800
[ — L G 9.2
. © 108.0

TTETTTE T OLE %0 22 24
TR &7y

i 2 . . e—

Fig. 13. Rotor bladesabsolute
outflow Mach number (MEAN)

Key:
1. Rotor bhade absolute out-

flow Mach number
2. Corrected expansion matio
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Using the experimental results obtained as described above,
" we sought the'vélocity triangle at the point of the design /l&ﬁ
corrected revolution speed and the design corrected expansion -
ratdo. That is, we calculated the vélocity triangles at the

stator hlade'outlét‘and thé rotor bilade outlet using the ex-
pPerimental values of the flow raté and specifiec output at

this poiny, of the rotor blade absolute outflow angle at the

MEAN position, and of thé rotor blade absoluté outflow Mach

number, as well as the annulus area at the stator blade outlet

and the total pressure loss coeffictent of the stator blades.

The only hypothesis in these calculations was that it was

assumed that the total pressure loss coefficient of the stator

blades (YtN) was 0.0874. This wvalue consists of the profile

loss obtained by means of blade cascade experiments to which

the secondary flow loss calculated in accordance with item

[10] in the bibliography was added. Let us add &hat, even

though this hypothetical value may be somewhat different from

the actual value, there are not very great differences in the
velocity triangles which are obtained.

In Fig. %4, the experimental velocity triangles obtained
in this way are shown in comparison with the design velocity
trianglés at khe mean blade diameter. According to this
figure, the outflow angle of the stator blade is abbut 1.1°
smaller than the design outflow angle, and this indicates
that the flow has risen to this extent in the axial direction.?
In this manner, in the stator blades, the flow cannot be
curved as much as was anticipated (decrease of the deflection
angle), while at the same time, there is also a decrease 1n
the expansion ratio insilde the stator blades (under-expanding),
as 1s clear from the absolute outflow Mach number. On the
other hand, it is clear that the deflection angle of the rotor
blade has also decreased about 3.5° from the design value.

(g) Internal Flow (Fig. 15)
The internal flow at the rotor blade Oﬁtlet'was measured
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! 1 T HP\
{ E?‘ji;ziéﬁaﬂm fi 4] . at approximately the design
‘ J ;i%%fanrz i ;fj corrected revolution speed and
J L,ﬁjf } } Y the deslgn corrected expansion
% 1.69 ﬁs1.nL£mm 1L e ratio. The results of the measure-
fiBB'jﬂE%l’.!stER;(kgKm*) fﬂiﬁliktsﬁ"qj/‘gg ments are shown in Fig. 15.
5 hﬂ%;372§;- { \‘ e The distribution of the
: i N Jiﬂii;ﬁir! ) rotor blade outlet total pressure
: ﬁﬂ ! Z O Pt3 plotted exactly the total
} ﬂg g P 200t pressure distribution as travers-
Vi, e s ed by the two Pitot tubes in-
, U S — J TP stalled in the circumferential
P\~;‘7"T*~?vll direction. As is shown in this
! % r { i)/i example, the measured values
f .L/T , }_/T/“ | are not uniform in the circum-
0.2 o i og— 00T ferential direction, but there
7 ﬁﬁmﬁjyhﬁ #Wﬁﬁf”hﬁ is a certain amount of distribu-

In the following let us
express the distribution in the

tion.

radlal direction in terms of

these local mean values (the

P
Py
|

" ROOT
72

mathematical mean values of

BUAFRH E By{deg.
| 9 } ! the measured values at the
§ J ’ r\l\ Pl identical bihde helght). Tt is
| N
} lgliﬁﬂm\& l' L clear from a glance at IFig. 15 /17
] ] [ ;‘ that the measured values all
LT . .
o5 T m—— fy - JrooT differ considerably in the
{10 ERE ALAT, radial direction.

———
o

As is seen in the distribu-

_____

tion of the expansion ratio and

Fig. 15. Internal flow the total femperature ratio,
Kéy: there 1s a greater drop in the
1. Appellation of Pltot tube tokal pressuréenear the walls
2. Design wvalue e s s , .

3. Rotor blade outlet total than there is in th? vielnlty

pressure of the center of the channel.

{Key cont'd. on next page.)
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Key to Fig. 15.continued:

4, FExpansion ratio

5. Adiabatic temperature efflciency
6. Total temperature ratio.

7. Absolute outflow Mach number

8. Relative outflow Mach number

9. Relative outflow angle
o Flow rate ratio

Howevér, there is a small thermal head, as 1s seen in the
distribution of the total temperature ratio. Consequentl&,
the adiabatic temperature efficiency also is quite low near
the walls. . The mass flow rate mean value of thls efficiency
(as #s shown in the flow rate ratio distribution, the flow rate
differs considerably in the radial direction; therefore, the
value was averaged by applying the weight of the flow local
efficiency in the radial direction) is 0.877. This value in
itself satlsfies the design specifications, but cone should
note carefully that there are local values which differ con-
siderably from the design value.

On the other hand, in the distribution of the blade out-
flow Mach numbers, it is indicated that the flow velocity 1s
slow near the walls. Furthermore, the distributlon of the
relative outflow angles also has some complex shapes which are
seen nowhere else.

The distribution in the radial direction of the fleow hate
per unit area was also calculated using the above local values
of the measured values. It was shown in terms of the flow rate
ratio with respect to the mean flow rate per unit area. It 1is
clear from thils that there are big differences in the flow rate
in the radial direction and that 1t is quite small in the vicinity
of both walls., If this fact as well as the total temperature
ratlo distribution above are taken into consideration, 1t is
clear that the amount of work also is quite small at the blade
tip part and the blade root part as compared with the vicinity
of the méan blade dlameter.
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1 - _ 3,5, StudiéS'and Disouasion of

In these experiments, a

quité_good turbine adlabatic

=R

efficlency was obtalned through-
out almost all reglons of the
experiments. In these experiments,

the mean Reynolds - number in the

YETFIh Ale/8. (keal /kg)

turbine at the design corrected
revolution speed and the corrected

expansion ratio (using the

(INAEY (N des ]
4= Reynolds: number as defined in

- ‘ item [10] in the bibliography)

e T L o 26 | 5
'-_—{:«m.iﬁ"—’r““‘JX ?Ec,GI\/u(l\rzrpm/sec) - was approximately Ll'3 x 10

. ] On the otherehand, the number

W,

Fig. 16. Map of overall
performance by calculations at the deslign conditions was

T10] .
Key:

approximately 1.1 x 10 There-~

fore, it 1s assumed that, because

1. Corrected specific out- of these differences in the

put
2. Flow rate choke line Reynolds-+»numbers, at the design
3. %gigigg corpected operating conditions there will

revolution speed) be a decrease of about 2-3% from
I, (design corrected

expansion ratio) the adiabatic efficlency of these

4, Corrected flow rate re-

volution speed »
parameter operating conditions were ad-

expeniﬂents.ﬁg These design

justed to the operating conditions

R

L Concernlngpthe effeets of the Heynolds number of - the turbine
efficiency, various formulas, most ofthenlempirlcal formulas,
have been proposed. Although there are some ‘differences between
thesge - formulas, when the. Reynolds‘ number 15 Tess than 2x105.

its influence on therefficiency may generally be- expressed in
‘terms of the law of appnoximately —O ‘2. Power. of the Reynolds =
cnumber. As the Reynolds © number becomes greater its in--..
fluence- becomes less, and when the value is approx1mate1y

“108L 107 it is belleved that its influence is. entlrely
‘negllgible.< : : .
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of hligh-temperature tests

using actual model turbines [11]
which were performed separately
at our Prime Mover Department.

In this case, since the pres-
surecand temperature at the

—— it & 1

——mEm 2 turbine 1nlets are considerably
= 3s %.ﬁ{ﬁ%‘ggﬁfgﬁ less uniform than in these
M, 0.778 0. 785 experiments, it 1s belleved
oM 0ET o 0875 that there 1s some furtheror
6 MM 0.333 1 0.338
Al O 0.760 ¢ 0.766 decrease 1n the efficiency
Moz .21 0,257 [10]. 1In view of these facts,
Mas 5 0,353 0 0,340
. Mo 0.517 . (. 521 when operated at the design
. G 0-540 0 0.545 conditions, it is assumed
= Moy 0.737 ;0742
May 0,133 | 0,137 that the adiabatic efficiency
Ao 0200 of this turbine will be /182
Moy : 0.673 0, 582 8
- - o p— approximately 82-83%. How-
@7 ey zuGE 215 ever, when this highitempera-
A aL2 40.7 £
R . ‘ ure turbine is a,
(deg) ; 5 6.3 | 62.9 actually a
= s — * adopted in an airplane, the
Fig. 17. Comparison of turbine inlet total pressure

velocity trianglée (comparison

with caleulations){10] will not be as low as that in

these design conditions, but

Key:

1. Calculation will have a value several

2. Experiment times greater or even more.
3. Symbbl y
4, Caleulated values Therefore, the mean Reynolds®
5. IExperimental values number @#nside the turbine

g' figgenumber will also increase together

with 1It, and it is believed
that it will be approximately
the same as, or even larger than@hthé Reyholds:?number in
these experiments. Thus, even when one kéeps in mind the
lack of uniformity of thé\gasédus statés‘at the turbine inlet,
it is believed that, 1n the actual enginés, the.reqﬁiréd



efficiency of 85% will be satisfied.

On the other hand, the turbine inlet flow rate departs
considerably from the déSign specifications. As is pointed
out also in [10] in thé'biblngraphy, this flow rate is ex-
tremely sensitive to the bladé'mounting anglé, that 1s to the
blade throat area. Espécially in the upstréam blades, de-
viations in thils angle have a big effect on the flow rate.

It is assumed from this that, since the blade mounting angle
was pronocunced in thé axial direectlon during the manufacture
of this turbine, the throat area increased as a result, and
there was a considerable flow rate as in the experiments. 1In
actual  fact, it has been ascertained that in this turbine
the measured values of the throat area of the stator blades
are 5.0% greater than the values which were planned during
designing. Incidentally, when these measured areas are used
to calculate the performance of the turbine, the results are
as shown in Fig. 16. At point D, that 1s, the point of the
design corrected revolution speed and the design corrected
expansion ratio, the flow rate 1s about 5.4% greater than

the design flow rate, and this excess flow rate 1is close to
the amount obtained in the experliments. Besldes, a deviation
in the blade mounting angle is also assumed from the stator
blade outflow angle in the diagram of the velocity triangle
(Fig. 14) obtained in the experiments. Furthermore, the
velocity triangle at point D in Fig. 16, which was calculated
using the measuréd throat area, agrees well with that of the

experiments, as is shown in Fig. 17. It may be concluded from

the preceding that the maln cause of the excessive flow rate
in the experiments is the fé®lowlng. That is, slnce the
setting angle for mounting the stator blades deviated about
1°, the throat area became excessively largé as a result.

In this manner, in stator blades of an air-cooled turbine,
in which it 1s necessary to select a large outflow anglé, a
slight deviation in the moﬁnting angle will have a_gréat
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influence on the flow rate. Thereforé, it is espécially
necessary to pay careful attentdon to this point.

In thé éxperimental résults for the'internal flow, the
various experlmental values had a con31derable distribution
in the radial direction, and locally they displayed values
which differed from the design values. In particular, it is
thought that the complicated shapés of the relative ocutflow
angles of the rotor blade were probably caused by the secondary
flow or the flow from the blade tip clearance. When these ‘1;25‘
resudts for the internal flow are considéred in connection
with the results for the overall performance as described
above, the following may be sald concerning the design.
That 1s, the hypotheses (or the designing methods) usediin
deslgning this turbine locally do not agree with the actual
flow, but when viewed in terms of the overall performance
they may be called valid hypotheses (or designing methods) in
the average sense. Nevertheléss, in flture designing it
will be necessary to make improvements while taking this actual
flow 1nto consideration.

4, Conclusion

An air-cooled turbine was designed and manufactured with
a turbine inlet total temperature of 1,150°C as the target,
and experiﬁents were performed here without supplying blade
cooling air in order to examine its aerodynamic performance.
Studies were made of the overall performance and of the internal
flow. The ranges of the experiments were a revelution speed
of approximately 70-110% and a turbine expansion ratio of
1.4-2.1.

The conclusions concerning the design obtalned from
these experimental résults were the following:

(1) It was learned that even air-cooled turbines which
are subject to varioﬁs restrictions in their blade shapé or
othér itéms becausé of thé nécesSity of passing cooling
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air inside the blades can be designed and manufactured, with-
out any I1mpairment of their performance, by applylng the
design techniques used in the past 1n non-cooled turbines,
under a number of basic policies whiech are required in air-
cooled blades.

The chiefl experimental results were the following:

(2) Within the range of the experiments, this air-cooled
turbine displayed an adlabatic efficilency of 0.7-0.865. The
maximum adiabatic efficiency of 0.865 was obtained at a
revolution speed in the Vicinity 6f 90% and at an expansion
ratio in the viecinity of 1.72

(3) In thils air-cooled turbine, the specific output obtain-
ed at the design revolution speed and the design expansiocn
ratio was approximately the same as that in the design. The
adiabatic efficiency at that time was 0.865, and the adiabatic
temperature efficiency (mass flow rate mean value) was 0.8774

(4) The flow rate of this air-cooled turbine was choked
by the rotor blade, and the expansion ratio at which 1t was
thought that choking was performed foraall revolution speeds
in the experiments was approximately 2.3.

(5) The turbine flow rate at the design revolution speed
and the design expansion ratio was approximately 7.3% greater
than the design value. It is believed that this is chiefly
because the threoat area of the sfator blades was greater than
the design value. In blades with a mather great outflow
angle such as these stator blades, careful attention must be
paid when setting the throat part.

(6) The torque limit of the turbine does not yet occur
within the range of operations in the experiments,

(7) As for the work distributioniintthebblade height
direction at the design revodution speed and the design ex-
pansion ratio, 1t is small near the TIP and the ROOT and
great near the MEAN. Howéver, it was 1earnéd.that-the
deslgned work is glven out by the blade as a wholé.
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The following problems are Teft for the future:

(8) The hypothesis for thefflow inside the turbine used
in this design comncidéS'on the averagé with théiactual flow,
but it cannot be said to coincide locally. In thé future, it
wWill be necessary to make‘improvéménts in the désign, taking
into consideration these'réal flow phénomena.

(9) Since 1t 1s thought that thé cooling air has an
influence on theé turbine flow, and consequently on the aerodynamilc
performance, 1t will be necessary to perform désigning and
experimentation in which this infiuence 1is also taken 1hto
consideration.

(10) In the actual machinery, it 1s anticipated that
there will be considerable thermal deformations, not only in
the blades, but also in the vardocus turbine parts, and it
is believed that, in short blades such as these air-cooled
blades, they would have a relatively great influence on the
performance properties of the rotor blade tip clearance.

More detailed experiments are necessafy for individual blades
in order to clarify the various performance properties of the
air-cooled turbine and air-cooled blades, including these

questions.
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APPENDIX A. DETAILS OF THE DESIGN /21

Details of the aerodynamic design of these turbilnes are shown
below, The hypotheses in the calculations used here as well as
the fundamental policies for determining the blade profiles and
blade arrangements are those described in the main text.

1. Caleculating Turbine Performance Properties (Singlé-Dimensional
Calculations)

The fundamental equations uged in the caleculations are the
following:

(1) equation for the relationship between the total tempera-
ture and the static temperature at the same polnt:

T, g=1 .. 4
I (1.1)

(2) equation for the relationshlp between the total pressure
and the static pressure at the same point:

T | oo

(3) equation for sound velccity a:

o ] (1.3)
/. g:\'!i'{]"R'Ts
(4) equation defining veloclity coefficient of stator
bddde ¢N:
o T Vi (1.4)
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Here, V2 i1s the actual outflow veloeclty of the stator blade,
and V2ad is the theoretical outflow velocity due to the adiabatic
thermal head.

(5) equation defining total pressure loss coefficient.of

rotor bhlade YtR:
" Pp—Pn
}zﬂ'*‘_—_“'__'
. PraAPsa_ / (1‘5)

Here, the subscript r (used for the temperature and pressure)

indicates a state of relative damming towards the blades. That

is, Pios Pr3 and Psg.are the relative total pressure at the rotor
blade 1nlet, the relative total pressure at the rotor blade outlet,

and the statlc pressure at the rotor blade outlet, respectively.

(6) equation for flow rate: If a single-dimensional current
is assumed, the turbine flow rate will be obtained by the
following equation:

G=r-V-4 (1.6)

Here,“A 1s the channel sectional area orthogonal to flow
védoclty V.

The chief equatlons which are derived from the above funda-
mental equations and which are used in the calculations are the
following. When equation{(1.6) is written in the form of a
dimenslonless flow rate using equations (1.1}-(1.3), the fol-
lowing equation will be obtalned:

GV

T e _—“—”_*"L
! ‘4P%‘V%f 1¢r lu);zZ] (1.7)
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When the relative outflow Mach number of the rotor blade
M,y %s calculated, the necessity of seeking it numerically arises.
That is, using the continuous conditions G2-=_G3 and the adid-
batic hypothesis Tpo =ATr3, we obtain the following from

equation (1.7): : |
a (1.7) (H— K;I Mrsa)zz:_'ln P As /

—_ .:Mﬁ, P B

P A

| 5 (1+ ”;1 _swﬂz)z%:-iﬁ / (1.8)

A {7’3

Here, Ap and Ag are the actual channel areas at right angles to
the flow at the rotor blade inlet and ocutlet, respectively. 1In
thils case, since the annular areas are identical in both places,
the area ratio A3/A2 is expressed by the followlng equation:

; ._-:Ezcos,ig (1.9)

Lo e
On the other hand, the ratio PFQJPrB of the relative total pressure
before and after the rotor blade is expressed by the following

equation, using equations (1.2) and (1.5):

P
P =t V{1 —(1+ 5 2y / (1.10)

i . R

TR

Consequently, the following equation will be obtained if we
eliminate As/Aj and Pnp/Pn5 from equations (1.8)-(1.10).

(1.11)

B—

cas igs ( ' 2
" cos s My

Mr,3 is sought from this equation by finding a numerical solution.
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Furthermore, the total temperature ratio before and after
the turbine 1s expressed by the followlng equation on the basls of
equation (1.1), taking into consideration the addabatic hypothesis.

7, (- ;“s)(l ) (1.12)

Ta - (1 ( i \I?)

The {(total pressure/static pressure) ratlo P, 1/Pgp before
and after the stator blades, on the basis of equations{{1i1)-(1.4),
will be the following, taking into consideratlon the fact that
¢y 1s close to 1:

(1,13)

The total pressure ratio before and after the fukbine may be ex~
pressed by the following equation, utilizifngmwthis equation as well
as déquations (1.2) and (1.10);

r:—l r-r 1
1+5=L Az )( T A
Pa _ ( =]\

, Pu (I-— 1173)(1-5- l’—l ‘i[
£E—

x[1+1}ﬂb. (L~ =

Using the total temperature ratio and the total pressure

(1.18)

ratio before and after the turbine, the adiabatic temperature ef- /22
fic#éncy of the turbine nj_3 1s defined by the following

T T T/ Tw)
Tea=cTTT oy
1-- (PafPn) =

equation:

(1.15)
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The thermal head inside the turbine AHT is defined and
sought by the followlng equation:

(“"'_’u‘-L ‘Vsu) U = {Vzu'f‘vau) U

dHp= P —

(1.16)

Eurthermore, the turbine flow rate is calculated by the
following equation. That 1s, 1f we take into consideration that
Ttl = Tt2 and A2 = Aagcosag, the flow rate G willl be as follows
on the basis of eguation (1.7):

ifﬂ_ Agaros crg,‘/%'eg AL

P

oA

iy

£+1
(L%xmlﬂﬂgﬁﬁfﬁ
\

e (1.17)

2

Here, Pt2 1s sought from the fcllowing equation. On the basils of
equations (1.1)-(1.4), the total pressure ratio before and after
the stator blades will be: /2

——
2 3 L‘

/ —Pf.i . £—1 1rq _(-1_ }-‘-r-—l
.. P:‘=[1+ 7 b {1 '.9.\') .I

(1.18)

The sequence and results of these calculations are shown in

Appendix Table 1.

2. Cal}culation of Veloclty Triangles (Two-Dimensilonal Calculationsi

The fundamental equations for a single streamline are as
follows. From hypothesis (1), it 1s assumed that the interlor of
the turbine is adiabatically insulated from the outside. #Whwew .

‘ P]tle.:z:f']La'i-'-"HT i

Therefore,

(2.1)

Furthermore, since the gas 1s treated as a perfect gas,
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APPENDIX TABLE 1.
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Wi
W
W
AWy
4Hr
:lfuﬁ
M
Maa
My
T/ Tn
Pyt Pa
%i1-3

ir

Va&

QF TURBINE PERFORMANCE

CALCULATING

Tp=1423. 2K
N=13300r.p.m
.\[g = 0 SO
e =720 deg.
Fa=63. 5deg.

DTrare }\"/50

j‘ﬂl .

@, M-BE(1-1)
G- B d+8)
ALX@

Ui
AL-sinag—@&
Adaecas as

VAR &
tar={&/E)

cos fafcos @&

@, @ Yer-EQ(l-11]
@, ®—Eq(-D
@, G-
@;m\ﬁqilﬁ)
DxG

0 -sin fa

DHD

(@ -sin @@

@@

DX/ g T——vKl 16)
/B

@'Sinﬁg—' 2

{@-cos

VBT

@ @ 5

@5 @; 1\[:;, EN, lm—Eqil 1—1)

%,
%-E ‘u 15)
LR

& ® W
|
=) (5*»

Aa—-Egila12) i

CONDITIONS:

B =16, 0 deg.
oy=0.97
Y.r=0.23
rj_[:(]. 2633 m
x==1.315

value

b3 BBTITOH02
!‘ 1. 423200403
| 1.292878+03
1 5. 98338602
i 5.586709+02
1 5. 251291 —01
2. 35715901
b g 47714201
\ 3, 41579901
| 4.363619401
i 616520501
7. 73230001
' 131663703
| 1.2033273403
6, 737185+ 02
5. 209303 4- 02
4. 662063402
2, 385384 02
1. 6455095+ 02
8. 308158+ 02
3, 920457 +01
[ 5.443192--01
b L ATET05- 01
3. 45014301
3, 732398501
3. 6-42610— 01
195153201
8. 73967001
363808-+00
32475 +02

e 1

g-‘ P:?“T 1{ :{s
:}L a:"/fi-{}']\ T:

cdlculating equatlons,: alculated l Unlt
Teto.

i

\

SEQUENCE AND RESULTS OF CALCULATIONS

m/sec
GI(
°K

m/zec

m/sec

deg.

oK N
‘K
m/sec
m/sec
m/sec
m/sec
m/sec
m/sec

keal/kg

deg.
m/sec

(2.2)
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M=V/a

‘ Ve (2.4%)
Hc:firs‘}-rzg—'j‘ (2 . 5)
] dH:Cp'dT -
. 4T, R 4Py (2.6)
| d&?—‘CP _'fg___f 1"5 (2 . 7)
s R
e (2.8)

The fundamental eguations for intervals between streamllnes
use the following conditional equation for the radial balance [12]:

- i.ézs_:‘rugidrmd j (2‘9)

The chlef equations which are derived from the above funda-
mental equations and from hypothesis 2.2 in the main text and
which are used in calculations are the following.

On the basis of hypothesis (2}, the radial position (ri, rs,
r3) of the streamlines between the turbine stages can be wriltten
as follows:

= r, (2.10)

If the radial direection veloclity component 1s regarded as milnute
and is disregarded, equation (2.9) will assume the following form
(8imple radlal balance):

Y
LR (2.11)

On the basls of hypothesis (3), we may use equations (2.1)
and (2.5):

-7 (2.12)
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On the basis of hypothesis (4), we may use eguations (2.2),
(2.6) and (2.7):
4S,  dHa 1 dmﬁ;
T j
A (2.13)

On the basis of hypotheslis (5),

;i: / (2.14)

& On the basis of hypothesis (6), we may use equation (2.11):

zP%_jﬁi
ya . 'gn_ (dr: T ___‘__J (2-15)

/
Therefore, from equations (2.12), (2.13), and (2.15), we obtain:

T an _'?-;,s"7 (2.16)

If the above equatlion is transformed using equation (2.14) and

V2u = Vasinaz, we will obfain the equation for the radial direc-~
tion distribution of the flow velocity at the stator blade outlet.
That 1s,

b g

Vars™ =const,
Ve = Fq (COY\H')

‘t-’:arﬁm —cohnst.

(2.17)
Here,

T ———

pr=ginires \\
Wy

Furthermore, if hypothesls (7) and equation (2.10) are taken
into consideration, the following equation will apply.

. g-J-AHy
113

! -
H (Vou+ 1 su) =
+

(2.18)

=ky(const.}
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Here ¢ 1s the angular velocity and w = 27N/60 (N: rpm).

Therefore, 1f we take into conslderation

d{AHr)
*”/ (2.19)

{

we obtain the following equation from equations (2.1), (2.5),
(2.10) and (2.12):

(2.20)

On the basis of hypothesis (8), we may use equations (2.1),
(2.6), (2.7) and (2.12):

45, dHa 1 dPs g
"- Tus —d—;:—='z,;’— Jovs  drs (2 . 21)

On the basis of hypothesis (9}, we may use equatlon (2.11):

o dPa Ve
L e v/ (2.22)

Therefore, on the basis of equations (2.20), (2.21d}and
(2.22), a similar equation to equation (2.16) can be obtained for

the rctor blade cutlet as well:

o bl T <
4," — Vs s T ore | (B'23)
If we use V 2 s v 2 + V 2 the above equatilion willl be
3 3a 3u ? 1
~:"."—nv,—-:_—"_3? dry / (2.24)

Consequently, if we use equations (2.10), (2.17), and (2.18)
and transform equation (2.24), we obtain:
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FIAY S 22 (L BT

dr ¢ e
7 -—.?k]_i\'g(”l—'l)?‘-(m_f'\) ‘..(.é_, 25)

If we Integrate this and insert the initlal conditions that v

Vog = Vo 86 T = Ty (the subscript M indicates the value-fat /25
MEAN), we can obtain the equation for the rad#al direction dis-
tribution of the axial flow velocity at the rotor blade outlet.

That 1s, if we taken into consideration that k, = V, ,ru" and that

k (v YYM, we obtain

2= Woum * Vaum

1—m 1 a{ 1 L
by gt — e ——
m Y

2{i-p) L . -
- Vawar (Vayar — Vauar)

: Vsaz_i'-sa.\!:

1—m

At [

(2.26)

Furthermore, the fact that the gas inside the turbine is
combustion gas was also taken into consideration, and the specific

heat at constant pressure c¢_ was regarded as a function of the

B
temperature and of the air-fuel ratic. That is, the specifilc
heat at constant pressure of the ailr cp air is first given as a

function of the temperature.

r=Cn+CzT-CgTE'—f ------

Cpal

(2.27)
—

Here, Cy, C3, and Coware constants.

Since the enthalpy H at temperature T 1s:

e 7 (2.28)

the enthalpy of the air H i, at temperature T will be expressed

by the following equation:
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Ci . G2 oo -
QIT-—'——H__QWT ...... CFH

| Hey=GyT-
(2.29)

Here, CH is a constant.

The pressure or temperature before and after the adlabatic
change 1s sought using the folZowing relative equation:

| loga(PyP) =¢s- 41 (2.30)

Here, ¢ is the entropy function. It 1s expressed by the followlng
equation:

1 (T cpdT

(2.31)

Consequently, the entropy function of the air ¢5ipr @t the tempera- /26
ture T 1s expressed by the following equation using equation ¢
(2.277:

1;3;;;%;;~"-"%CT€RQ

(2.32)

Here, CF is a constant.

Thus, for the air one first seeks Cp air s Hojp and dgir.
Then correctlon of the alr-fuel ratioc is given, and the cps H
and ¢ are sought for the tombustion gas. The changes undergone by
the combustion gas are then calculated [13, 14].

The values obtained by cycle calculations are used as the
caleulating conditions. On the basls of hypothesls (4), the
¢Nf defined by the following equation was assumed to be constant
in the radlal direction.

L
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Dy
ol (2.33)

.
¢ =

——

Furthermore, if we assume the compressor outlet temperature to
be approximately 500°C, the air-fuel ratio will have to be
approximately 0.015 in order for the turbine inlet temperature
to be 1150°C. Therefore, calculations were performed with an
air-fuel ratio of A = 0.015. The results of theseccalculations,
together with the sequence of calculation, are shown in Appendix
Table 2. Thus, the design velocity triangle will be as shown

in Fig. 2 in the main text.

The turbine adiabatlc efficlengy np as defined by the
following equation was used.

r_;ha'
T dH

(2.34)

Here, AHp and AH_ 4 are the actual thermal head and the adiabatic
head inside the turbine from the tubkbine inlet totgl pressure

to the outlet total pressure. Even though np = 87.4% from the
results calculated in No. 61 of Table 2, the adiabatic efficiency
in designing was taken at 85.0%, taking into consideration the
effects of the blowout of the coolingiair because the turbine

is an air-cooled turbine. Consequently, the specifile output AHT

of this turbine had a target of 53.8 keal/kg (= O.85'AHad).

Furthermore, the degree of reaction .(pg) and the theoretical
velocity (Vip) of this turbine were defined and sought by the
following equations:

" HeHa
P (2.35)
V= VIGT A (2.36)

The chief design specifications of this turbine ebtained In
this way are shown 1in Table 1 1n the main text.
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APPENDIX TABLE 2. SEQUENCE AND RESULTS OF CALCULATIONS
OF VELQCITY TRTIANGLES

CALCULATING CONDITIONS

Ty =1473.15°K ay=72. D deg. ¢y’ =0, 97
Fpy=23000 kg /m? Uy =358 67 m ‘sec 720015
N=13300r.p.m. Viaswr=232. 4im ‘sec
dH=55. 29 keal kg Tr=2.02
NCalgE%%E%ogngua- TIP MEAN 1 ROOT | Uhit
Lo give 2.793000—01  2.633000—01  2.473000—01 | m
2 ey D 106076700 1.000000+00 9.302328—01
3y Lo 2= DN/50 —_— 3.667179+02 - o m/sec
40 Wt Vin o JaHD /5. BG(218) — 5. 307637 - 02 J— m/sec
5 1m (sinea)? . — 9. 04508101,  —
6 g Eq (2.26) T2.336302502 2324400402 ¢ 2300665102 | m/sec
t7 U PHDN/GO - 3.800023-02  3.667179+02 | 3.4443354-02 | m/sec
l‘ g 1 CVow/E®, BT D5.206412-02  5.586700102  5.912650--02 | m/sec
% Ve . ®cos a 163668502 1.726389-+-02 | 18271153202 | m/sec
10 | Vo @ sinan 3037186202 5.313266102 | 5.623283 102 | m/sec
11| Vay+Viy g d-dHp /. Eg(2. 18) ' 5.846297-02 6. 307637 L 02 i 6. 715733402 ! my/scc
I 12 Vo @-@ I 6.001110+01 9. 943708--0L | 1.092470+02 | m/sec
[ 13 |71y VEEE T 2.506948+02 2528163402 | 2.555004+02 | m/sec
f 4 ] Vatf2ged ® /25 3.352597+04 3.730169+01 . 4.178131+01 | keal/kg
I 15 | Ha . SUB 90 (1, ) S 3.733533+02 —_ leal /kg
16 | Fra ey P Eg(j.33) , — 2, 425000 + 04 D ky/m?
7  Hp CHy ‘ — 3. 735583+ 02 _ keal/kg
8 | Te Tu — La3130403 0 - LK
19 | Hy S i) 3.423324+ 02 3.385366+02 | 3.340770402 | keal/kg
2 | Ta SUB 90 (. & 1303931+ 03  1,203981+03 | 1. 280399503 | IS
21 | P SUB 100 (%, Z. 3. &) , L.694543+ 01 1.624371+04 [ 1. 544024+ 04 | kg/m?
22 F/RD, Bge.2) 402296101 428215001 | 4. 11925201 | Lkg/ms®
23 | & SUB 80 (%, 2) 1.307150+00  1.307751+00 1. 303481-+00
24 | oy v HgRS. EGZ3) 700360102 G.9TMT24H02 6, 932869107 | m/cec
25 | Wiy 1147163402 LGG0S7+02  2.178828+ 02 . my/sec
% |, 1.09368002  2,383377+02 2.343602+02 m/sec
27 ; & 3502608101 4. 363608401 5001899301 deg.
28 AL T.5E54—01  5.D12309—01 8. 528398—01
29 | M, 285207401 3.421135—0L L 101607—01
30 | Wi 475013402 L EBL650 02 4. 53650502 * m/sec
31 ] W C5O3BTE02 07 5 208923402 3, 090380402  m/sec
32 | Wais2gt 3404845+ 01 324275201 3.097456-101 |, keal/kg
33 | Ha — 3. 205633402 —_ s keal kg
34 | Tea SUB 90 (@. » = —_ 1. 2340258 403 —_ oK
35 Py Pu/zr R — 1237624 4+04 — “kg/m?
36§ Vei2gd B2 T T.511185100 7.638549+00 7. 801907400 | keal/kg
37 | Ha B-® 3180571402 3.1292954-02 1 3. L27064-+02 | keal ke
B | Te SUB 90 (3., &) | 120801603 * 1. 207573403 b1, 207007 £ 03 i °K
39 | Py SUBI00 (%, & & 4 | L13130L-+01 1 120648 +04 | 1127424404 © ky/mm?
40 17 L @/REB 3.199761~ﬁ01*‘3.196003—-01' 3.191207—01 | kg/ms
a4 |5 - SUE 80 (&, &) P LBIZITIA00 1312097400 | 1. 317228400 |

[Continued on following pagei
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APPENDIX TABLE 2 (Continued)

o | EiggfcﬁS_ Caleulating equa~ TIP | MEAN ROOT . Unit
12 | a : | 6.TA30I8402 | 6.741873-02 | 6. 7403724 02 1 sec
% 1 ag ianmm~m5&mwﬂ—miam%W~m
44 1, |7, 915T1L-01 | 7.7263%601 ' 7. 559331~ 01
PR | 6.403244001 | 634977301 6, 2010854-01 v
46 12, L 3. 46475601 | 3. 447706 —01 | 3, 426313 - 01
7 1 e 12126036401 § 2. 31612001 ' 2531408201 des
43 1AL, C 233825201 7 2.476007—01 ¢ 263519601
19 | Ho-Hi | 2,927322001 | 236270601 - 2, 13105601 kst ke
50 e 520434301 | 453500501 3. 83433101
51 0y | L. 30966100 | 1309974400 1. 310354~ 00

BT , | 2.200303-01 | 2 89757501 © 2.801850— 01 ke koK

I L 4% 01

54 Tw/Th , — "8, 67110501 —

| &5 i 1= (1/zp 20 | 153150701 ' 1. 532881 — 01 '1. 534001 - 01

I 56 o, V8T S 8. 747481 —01 is. T —01 8, 748589 01

|57 |as -8 8.676531 01 | 8. 67039101 | 8, 667934 — 01

| 58 I Troza | SUB110 (T =1, &) — 1, 206500403 | — B

} 89 | Hmag SUB90 (5. A — 312004020 keal Iig
60 | dHye o — 6.325131+01 | ——  keal kg

\, 62 ; rr ! JHr @ Bgiz.an i —_— 8. 740906 —01 i _—

fReféfance: Cbncefni_ng the subroutines used

\ | SUBOUTINE INPUT . ouTpuT Reference
\ ! SUB 80 T | & Cp l 1
\\ o 0D T or "H)_.P.EH( ‘QIT'.‘T) I ) i3 .

\ C s 100 P. Ty Ted | Py [
Y v 110 Py, PuiPre it Ts E
L)
T . N - - - -

3. Determining the Profile and Arrangement of the Alir-Cooled
Blades :

(a) Stator Blades

We used the method of basing ourselves on the camber line
and of "fleshing 1t out" suitably( That is, here we approxi-
mated the camber line by a cubilc expression; we drew a series of
cilrcles having thelr centers on the curve; and we assumed that
their envelopes were the external shape of the blade. TIn the
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- following, this method is
described in detail (see
Appendix Fig. 1),

(1) Determining
the camber line: We took
the blade's leading edge

as in Appendix Fig. 1 (b).
Then we plotted coordinate

systems with the axial
direction as the X axis
and the circumferential

direction as the Y axils.

\
- -~J The camber line was ex-
Appendix Fig. 1. Method of calcu-
latlng stator blade profile and
blade arrangements, cubic expression

Key: a. i-th circle

pressed by the following

 Feaveltal
y, . A
The angles formed by the tangents on this camber line at the
blade leading edge O, and trailing edge Op with the X-axis direc-
tlon are defined as the blade 1nlet angle B, and the outlet

angle Bp, respectively. The angle formed by the chord connecting
01, and Op with the X-axis direé¢tion is defined as the angle of
stagger £, and the length of the chord is defined as the chord
length C.

If By, Bp, £, and C are assigned sultably with due considera-

tion to the fundamental policies (1), (3), and (4, it is
possible to determine the coefficients aj,,a., and a3 of the
cublc expression.

(2) Method of "fleshing out™; When the shape of the camber
line has been determined, the points on 1t CAM (X,Y) can be
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represented by coordinate. X* on the blade chord (orthogonal pro-=
jection of point CAM(X,Y) on the blade chord). Next there 1s a
shift from this coordlnate to a néw coordinate system x* (Appen-
dix Fig. 1 (a)}) which has been made dimensionless so that the
center of the cirele 1 = 1 (circle corresponding to the blade
leading edge) will correspond to x* = 0 and the center of the
circle 1 = m (circle corresponding to the blade trailing edge}
will correspond to x¥* = 1, In Appendix Fig. 1 (b), the distance
between the X¥* coordinates centering in cirecle 1 = 1 and 1 = m
willl be:

’ s=C—Rrcosly—Rpcoslp ) —J

Therefore, this will be the divisor for conversion to dimension-
less terms in shifting from X¥ to x¥. Here, 81, 1s the angle
between the biade chord and the line connecting the center of the
circle 1 = 1 and Op. Op is the anglé between the blade chord and
the line connecting the center of 1 = m and Op.

Thus, the correspondence between x*¥ and the coordinate
CAM(X,Y) on the camber line will be valid. On -the other hand,
if we divide the radius Y*¥ of the circle determining the blade
thickness at CAM(X,Y) by the Blade keadlng edge radius Rp, (Y¥* of
the circle 1 = 1) to render 1t dimensionless and represent it as
v¥*#, then plot a circle wlth a radius y* at point x¥*, the results
wlll be as shown in Appendlx Fig. 1 {(a). This will form a
symmetrical blade profile, and the blade thickness willl be given
in this shape so that there wlll be a good shape from the
aerodynamical standpoint.

On the contrary, if we supply the blade thickness dlstribu-
tion on the (x¥,y¥) plane as shown in Appendix Pig. 1 (a) and
also supply the blade leading edge radius according to funda-
mental policy (3), the blade trailing edge radius Rp will be
determined from the ratlo between the radius y* of the circle
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1 =m and Ry. Furthermore, 6r and 8y will be determined 1f we
use a known camber line equation. Therefore, z can be calculated
from the equation givén above. Consequently, with respect to a
certain x;¥ in Appendix Fig. 1 (a), one performs conversion

) N
‘ X' =zxFL Rycosty, |
1 1 ,

The positlon X;* on the blade chord on the physical plane in
Appendix Fig. 1 (b) wlll thus be determined, and the coordinate
CAM(X,Y) on the camber linewill alsc be determined. On the

other hand, the blade thickness Y3i* will also be determined using
the retationship

F.

o]
on the basis of the relationship of yi* to x;¥ in Appendix Fig.

1 (a). In the final analysis, if one draws a circle with a radius
¥4% centering around point CAM(X,Y)} in Appendix Fig. 1 (b) and
finds the two polnts of intersectlon between it and the normal
lines established on the camber line at this point, they will be
the coordinates on the upper and lower surfaces of the blade,
3.5(X,Y) and P.S(X,Y).

(3) Since the blade profile has been determined by the above,
the blade arrangement can next be determined if the number of
blades n is given. Therefore, the pitch S and the throad width 0
will be determined, and cos™1(0/S) can be calculated.

In this manner, the blade profiles and blade arrangements
were calculated by means of a computer for several values of
By, Br, &, C, B, and n, and the blades to be adopted were deter-
mined in accordance with fundamental policies (1) and (2). That
is, taking into consideration the influence of the Mach number
and the curvature of the rear blade surface from the thmeat part
to the trailing edge, we adopted a design in which the calculated
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value of cos"l(O/S), mentioned above, would be sliightly smaller
than the stator blade absolute outflow angle (ap) of 72.0° of

the design velocity trianglé [15], and in which the number of
blades would be as small as possible.

As for the blade thickness distribution, the blade thick-
nesges of ailr-cooled blades [2] having a design velocity triangle
relatively similar to theseaidlr-cooled blades were calculated in

reverse and used in the form shown in Appendix Fig. 1 (a). They

are shown in Appendlix Table 3. The same blade thickness distri-

bution was used in every section, the TIP, the MEAN, and the ROOT
(the chord length was different)

APPENDIX TABLE 3. BLADE THICKNESS DISTRIBUTICN USED
IN CALCULATING STATOR BLADE PROFILES [2]

. - H it ' b
i | i I = el €x¥ W

| o000 | 1000 | 9 . 0.398| 1.362

2 | 6032 | 1.28 [0y 04T, 171
| i

T3 | 0.069 ) L7 u 111 0.5 L1006
= ; U e | -

4 [oaes| 1o | 12! o6, 0.900
T 5 | 01530 L1631 0.719 | 0.763

|18
|

|
6 | 0.202] LG5 | 14 | 0.8101 0.505
[ 4

p

|

7 | 0,264 1.572 1j 15 ' 0.007 ' 0.478
!
!
|

16 | 1000 0237

i
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(b) Rotor Blades

Several blade profiles and blade arrangements were determined
for the TIP, the MEAN, and the ROOT foldéwihg the fundamental
policies, and the blade surface veloclties were sought experi-
mentally for each by the electrical analog method using electro-
conductive paper [16]. The blade loss and blade inlet critical
Mach number were estimated from the results, and we adopted the
design which had the smallest blade loss and in which the blade
inlet eritical Mach number had an adequate margin and was con-
slderably larger than the deslgn inlet Mach number of the rotor
blades. In the following thls method is described in stages.

(1) Following fundamental policy (1), the solidity giving
the least profile loss (optimum solidity) was determined by means
of entry [15] in the bibliography, taking into consideration the
rotor blade outflow angle and the degree of reaction for each
section. It was determined so that the solidity would be slightly
smaller than the optimum solidlty because of fundamental policy
(2), considering the fact that the blades are air-cooled blades.

(2) Next, followlng fundamental polie¥ : (4), it was assumed
that there are almost no changes of the chord length in the blade
span direction, and the chord length and number of blades were
determined, takling into consideration the solidity determined in
(1), so that the aspect ratlo would not be too small.

(3) The blade leading edge and trailing edge diameters were
determined in accordance with fundamental paélicy ¢3).

(4) On the other hand, the throat width O was determined from
the rotor blade relative outflow angle B3 in the velocity tri-
angle. In bther words, the difference between B3 and cos™%(0/3)
was determined by means of entry [15] in the biﬁmiography; taking = /28

——

into consideration the influence of the design outflow Mach number.
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(5} Next, the incidence at the design point was determined
slightly on the minus side froom the zero incidencé, taking into
consideration the operating rangeuof the turbine. This decision
was made on account of the general tendency of the characteris-
tic curves of the proflle loss so that the effielency would not
drop even at partial loads. The inlet'angle of the blades By,
was determined from this incidence and from the Bp of the
velocity triangle.

(6), Next, the angle of stagger was determined, and a blade
profile was drawn so as to satisfy the previocusly determined
piteh 3, the leading edge diameter dr, the trailing edge diameter
dp, the threoat width O, and the blade inlet angle Bj. At this
time, the curvature of the back sufface of the blade between
the threat part and the trailing edge will have an influence on
the outflow angle. Therefore, thls was taken Into consideration
when making the decision [15]. Since there isustill a certain
degree of freedom 1n the blade profile and blade arrangements
even under these conditions, several blade profiles were drawn.
The deslgns for the rotor blades, unlike those for the stator
blades, were drawn manually without using a computer.

(7) In this way, three types of blade profiles and blade
arrangements were compiled for the TIP, the MEAN, and the ROOT,
making up a total of nine designs. Since the goal was to select
blades which would have the optimum pressure distribution and
which would also have a low heat transfer rate outside the
blades, in accordance with fundamental poliey (%), the surface
velocity distributlon was sought by the electrical analog methoed
for each of the blades. The following equations were used to

calculate blade diffusion parameters (D) from these results. /2
o ll“-ﬂ,__w
Dy=1--7 \ (3.1)
vV,
Dp.—_l-—T]‘ S
DL:DP”*'V”‘
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Here, Vi is the blade inlet velocity, V, is the blade outlet
velocity, Vg is the maximum surface velocity on the back surface
of the blade, and Vb I8 the maximum surface velocity on the
belly surface of the blade. According to entry [17] in the
bibliography, the specific blade loss L (L = (1 - nt)/cN [sic]s;
here u is the adiabatic efficiency calculated from the turbine
output, and oym [sicd is the solidity at the MEAN) is particularly
influenced by Dg but generally declines together with the decline
of Diy. Therefore, we selected the design with the smallest DS
and Dt. The results of the surface velocity distribution of the

rotor blades adopted in this
turbine are shown 1n Appendix
= = - ’\ Fig. 2,mand the results of cal-

| TiP
2~°Pr:279.3mm‘

1 culations of the Dg, Dp, and Dy
+ 1.703
f%'hhf are shown in Appendix Table 4.
f 1.0
|
| os- .
; \ The maximum pressure co-
' YT E TE TE ]
2 0L MEAN efflcient on the back surface
i {r=263.3mm) S.5. 1712 | ] f’ h bl d C t
B -~y A e sou
;]::1 . - N 1,392 of the a pi,max was sough
1ou r\PQ 7 : - from the results in Fig. 5 by
| T = ?
05— f 3554 g means of
STETE TETE i R
2.6~RO0T : - Viy?
| U=24T3mm) o o 1609 : _ Cpi.max=1'—('ﬁ} ' (3.2)
L= A A .
bFL%E
Qﬁ The pressure coeffilecient in-
| STEtETT LT TF. fluencing the compressibility and
1 s i

_ ' - the critical inflow Mach number
ﬁ?gggdiirgifé iéloigzgr i at the blade inlet were determlned

dfstribution by electrical using the Karman-Tsien method
analog method. (18, 197
» .

Key: a. Surface length

That is, according to
the Karman-Tsien method, the
relationship between the pressure
¢oo&fficlent Cp consldering the compresslibility and the pressure co-
efficlent of an incompressible fluid Cpi is expressed as follows:
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APPENDIX TABLE 4. ' VALUES OF ROTOR BLADE DIFFUSION PARAMETERS,
PRESSURE COEFFICIENTS, AND CRITICAL INFLOW MACH NUMBERS

I3 : .
/ - TIP MEAN | ROOT
q 1(;—: 277, Bmm) (=201, By} ; (r=245. 3Im}
I e e — [P
on, 0. 164 b, 147 0. 258
| atd/ey! 0.0y osh (0. 2367)
Iy, 0.374 oG 0. 419
tf b, | 0.538 oy 0. 677
Cmeﬂ —3.178 . L —1. 589
e — - ~
P Cpomax —4.0 - ‘ —2.1
M o 0.39 . noas 0.51
3 . - [U— —— — e et
| T =
N o TR
VIZAT Ee ﬁ_ﬁi;_ Cos ( 3.3 )
O I 0% S P

Furthermore, 1n view of the definition of the pressure coefficlent

Cp,

/ o [{1e 5 s Ve
Cp: -.:_2 } _1
Al \y =Lap (3.4)

Here, M, is the mainstream Mach number at an infinite dis-
tance, and M is the localMMath number on the blade surface. If
we use Cpi;max, Cp,max, and Mm,cr to represent the Cpi, Cp and
M, when M = 1.0, thelr relationships will be as shown in Appendix
Fig. 3, using equations (3.3) and (3.4). Let us assume that the
Mach number My of the mainstream at the blade inlet is 1dentical
with the M &4 the Karman~Tsien equation. Then we can seek the
critical inflow Mach number My or (= Muucr) at the blade inlet and
the maximum pressure coefficient of the blade taking into con-
slderation the compressibility Cp,max for the TIP, MEAN, and ROOT
sections from the values of Cpi,max,sought previcusly from edqua-
tion (3.2) and from Appendix Fig. 3. These results are shown in

6C



Appendix Table 4. As a result,
it ﬁas poésible to ascertain

that the blade inlet critical
Mach number Mj .y 1s conslderably

greater than the rotor blade

inlet Mach number Mp, in the

N design velocity triangle, and that
Kppendix Fig. 3. Relation-

ship between maximum the blade profile and blade

pressure coefficient and arrangements werensatisfactory.
critical Mach number
(¢ = 1.315). &
(8) Finally, some modifi-

cations were incorporated so
that the blade shapes would be smooth together with the stacking
of the blade prefiles having different sections sought 1n accor-
dance with fundamental policyy (4). On account of this, the
throat width 0 was finally aligned at the MEAN, while 1t was
slightly smaller at the TIP and slightly larger at the ROOT.
Consequently, the condition in the design policty that the work
distribution in the rotor blades must be constant in the radial
direction (hypothesis (7) in Section 2.2 of the maln text) was
not completely satisfied, there belng excessive work at the TIP
and insufficlent work at the ROOT, while the design specifications
were satisfied at the MEAN.
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%pPENDIX'B;"EQU&VALENT:CONDITIONS:OF‘TURBINE‘OPERATING'STATES
20-227] '

(2) Hypotheses

The equivalent condltlons of the turbine operatling states
are sought under the followling hypotheses.

1) It 1s assumed that, when the Mach number M of the flow
inside the blade and the Mach number M; of the peripheral
velocity are identical, the flow will be similar. The similarity
conditions are to be determined whlle 1gnoring the effects of
the Reynoldsg' number.

2y The fluid inside the turbine is assumed to be a perfect /30

gas, and the flow is assumed to be an adiabatlc single-dimensional
flow.

3) The specific heat ratio inside thelturbine ls assumed
to be constant.

(b) Fundamental Equations

Equation for the relationship between the total temperature
and the statlc temperature:

-&:14.2112
. oz (4.1)

Equation for the relationship between the total pressure
and the static pressure:

. il:=0+f%iﬂ;;§;‘:;7 (4,2)
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Equation for the perfect gas:

=R T, (4.3)

Equation for the reifationship between the velocity and the
Mach number:

h xn;ﬂfJEi;FiTT ﬁ}
' S (h.4)

Equation for the flow rate: Assuming that the flow is a
single-dimensional flow:

Grsv (t.5)

fc) Derivation of the Equivalent Conditions

Corrected Flow Rate -

The followlng equation is obtained by using equations (4.1)~
(4.4) in the continuous equation (4.5).

ap=t A o

The abovesequation 1s valid also at the standarg'state. In other
words, 1t can be wrltten in the following manner if the subsc#ipt
st i3 used to indicate the standard state.

e e e e — a L

SR - Fo—1 Lt J

: (1+A L Agﬁ)nl—f

anen Ve VTN 3 / t
: A-g

Poge K5t y

If we asgsume that the flow is similar to the flow at the standard
state, because M = Mgt, the flow rate at the standard state Gg¢

LEERER
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can be expressed in the following terms on account of the two

equatlions given apove

Here,

IC-T: [
TR
(1+-” A )
‘ /

a

[t R
1+227 g
v 2 -

(4.6)

1 )
(1—:-3‘7—;1[2):1—

L

—_—
£ for—1 T

. 3L . 7]
(1 T o Mz)"s‘l

In other words, when the flow rate at a certain state is G, the
flow rate at the standard state, where the flow 1s similar with
that state, can be written as £-G-v8/0. Because of this, the
equivalent conditions of the flow rate are that e-G-v8/0 is
identical.

Corrected Revolution Speed

The relationship between the revolution speed and the peri-
pheral velocity is expressed by the following equation

‘ -;imﬁi;?’ (4.7)
VT

Here, D is the dlameter of revolution and N 1s the revolutions
per minute. If we use equation (4.4) to express the peripheral
velocity in terms of the Mach numbers, since My = U/vk-g-R Tg,
the following will be obtained from equation (4.7)
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. DN M
Mu=—5— T

- This equation will be equally wvalid in the standard state as well.

If we assume that the flow i1s similar to the flow in the standard
state, since M = Mgy and My = M, g¢, the revolution speed at the
standard state Ngy can be expressed as follows on the basis of the
two preceding equations.

Yy Ve (4.8)

Consequently, the equivalent conditlions for the revolution speed
are that N//8 is identical.

Corrected Specific Qutput

The enthalpy drop is expressed by the following equation

? m:%ﬁ (4.9)

This equaticon 1s valid similarly also at the standard state.

(dH = OV”";:_
Sl

If we assume that thg-flow is simllar teo the flow at the standard
state, s8ince M = Ms 4, the enthalpy dropiat the standard state Algyg
can be expressed as follows on the basls of the two preceding
equations.
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ar= A= 2 (4.10)

‘ VN @
L oM .

Consequently, the equivalent conditions for the enthalpy drop
(specific output) are that AH/8 1s 1dentical.

Corrected Torgque

The torque T 1s expressed by the following equation using the
flow rate G, the revolutdon speed N, and the specific output AH.

6.7 G-dH [ (4.11)

The above equatlion is walid also at the standard state.

S 60T G,t-dlff;/

SR TN
If we substitute equations (4.6), (4.8), and (14.10) in this equa-
tion, we cobtain:

P ——

T 60 oG F AH _ e ¢ 8000 GodH

"‘” [ 3 0& o( 2r N )/ (L"lz)A

Furthremore, if we use equation (4.11), the torque at the standard
state Tgt can be written as follows.

, : / (4.13)

Consequently, the equivalent conditions of the torque are that
e«1/8 is ildentical.
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- Corpected Expanslon Ratio

“he  The adiabatic efficlent ng
of the tubbine is defined by
the following equation

The equation 1s also valid
at the standanrd state.

3 O C4Hy

aft, 5= 1 pe—1

i Lot Ry ( )——}
i L, i— rs

H re—1 J T"“{ TT.st !

If we assume that ng =
= Ng,st when the flow 1s similar
to the flow at the standard
state, the feollowing can be ob-
tained from the two preceding
eguations.

1 (q>n4 e
I ¥ el

| \era) ™ ~(E=2)( 5 R Ty ymm
“ 1— i ‘:1 . k1 A-“-R_“- T['_gc dAH

T R

Furthermore, if we transform it
usling equations (4.6) and (4.10),
we obtain:
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~From thils, when we solve for the expansion ratio at the standard
state mp gt, the fellowing equatfon is obtained:

Here,

(4,15)

Consequently, the equivalent condlitions of the expansilon ratio
are that ¢p.mp is ldentical.

(d) Approximate Treatment of the Various Equivalent Condition
Equations

As was mentioned above, the eguatlons for the equivalent con-
ditions for the flow rate, the revolution speed, the specific
cutput, the torque, and the expansibn ratio can be expressed in
terms of equations (4.6), (4.8), (4.10), £4.13), and (4.15),
respectively. Since the flow ¥nside the turbine 1s usually
close to Mach 1, if we assume that M is approximately egqual to
1.0 in these equations, the equations for 6, € and ¢ containing M 4;3
wlll be as follows. Let us use the subscript cr to indiecate the
values of 06, ¢ and ¢ when M = 1.0. 1In this case, 8 will be as

follows on the bagis of equation (4.6):

(4.16)
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€ will also be as folliows on the basis of equation (4.6):

————
(’f_l‘l) c
p =1
o T 2
Zop —

i £ Hgg =13\ _=ee
:‘ 7 -1

ji{ B8 35 (415 1oy, (4.17)
| fjcrz—h{lﬁ( o '
sr =1 Kse=1 /f

¢ will be as follows on the basis of equation (4.15):

&ap

/ (1) (4.18)

There ey, €cpr and $,p may be used approximately in the afore-
mentioned equivalent condition equations.

In this report, the following values were adopted for the
standarid state:

Thq=288.2°K 7 ——

P, . =10332 kg/m®
Ry=79.27kg-m/* K- kg
rge=1. 401

In this case, gor and ¢ep may be deplcted graphiecally in
terms of the differences in the specific heat ratio. They will
be as shown in Appendix Figs. 4 and 5. It is clear that, when
thensgpe¢Ifle heat ratio differs considerably from the standard
state, €qp and ¢pp wlll have magnitudes great enought to require
consideration.
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